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ABSTRACT
We present a comparison of the parameters of accretion disc outﬂows and the jet
of the broad-line radio galaxy 3C 111 on sub-pc scales. We make use of published
X-ray observations of ultra-fast outﬂows (UFOs) and new 43 GHz VLBA images to
track the jet knots ejection. We ﬁnd that the superluminal jet coexists with the mildly
relativistic outﬂows on sub-pc scales, possibly indicating a transverse stratiﬁcation of
a global ﬂow. The two are roughly in pressure equilibrium, with the UFOs potentially
providing additional support for the initial jet collimation. The UFOs are much more
massive than the jet, but their kinetic power is probably about an order of magnitude
lower, at least for the observations considered here. However, their momentum ﬂux
is equivalent and both of them are powerful enough to exert a concurrent feedback
impact on the surrounding environment. A link between these components is natu-
rally predicted in the context of MHD models for jet/outﬂow formation. However,
given the high radiation throughput of AGNs, radiation pressure should also be taken
into account. From the comparison with the long-term 2–10 keV RXTE light curve
we ﬁnd that the UFOs are preferentially detected during periods of increasing ﬂux.
We also ﬁnd the possibility to place the UFOs within the known X-ray dips-jet ejec-
tion cycles, which has been shown to be a strong proof of the disc-jet connection, in
analogue with stellar-mass black holes. However, given the limited number of obser-
vations presently available, these relations are only tentative and additional spectral
monitoring is needed to test them conclusively.
Key words: accretion, accretion discs – black hole physics – galaxies: active – galax-
ies: jets – X-rays: galaxies – radio continuum: general
1 INTRODUCTION
One of the most enduring open questions surrounding ac-
tive galactic nuclei (AGNs) concerns the relation between
accretion and ejection processes, i.e., what is the connection
between the black hole, the accretion disc and the forma-
tion of outﬂows and jets? Then, a related question is, what
is the feedback impact of AGN outﬂows/jets on the host
 E-mail: ftombesi@astro.umd.edu
galaxy and surrounding environment? New insights on the
characteristics and importance of winds/outﬂows in radio-
quiet AGNs have been recently obtained thanks to deep
XMM-Newton, Chandra and Suzaku observations. In partic-
ular, the detection of blue-shifted Fe XXV-XXVI absorption
lines in the X-ray spectra of several sources demonstrated
the presence of massive, highly ionized and mildly/nearly
relativistic accretion disk outﬂows (e.g., Chartas et al. 2002,
2003; Pounds et al. 2003; Dadina et al. 2005; Markowitz et
al. 2006; Braito et al. 2007; Cappi et al. 2009; Reeves et
https://ntrs.nasa.gov/search.jsp?R=20130012856 2019-08-29T16:17:19+00:00Z
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al. 2009; Chartas et al. 2009a; Giustini et al. 2011; Dauser
et al. 2011; Goﬀord et al. 2011; Lobban et al. 2011). More-
over, a systematic spectral analysis and photo-ionization
modelling performed by Tombesi et al. (2010a; 2011a; 2012)
on a sample of 42 Seyfert galaxies observed with XMM-
Newton demonstrated that these ultra-fast outﬂows (UFOs)
are rather common phenomena, being present in more than
40% of the sources, and conﬁrmed the claims that these
UFOs are indeed powerful enough to potentially play a sig-
niﬁcant role in the AGN cosmological feedback.
In radio-loud AGNs, relativistic jets are routinely ob-
served at radio, optical and X-rays. However, the presence
of disc outﬂows in these objects has recently emerged thanks
to X-ray spectroscopy. For instance, Tombesi et al. (2010b)
reported the discovery of highly ionized and massive gas
outﬂowing with mildly relativistic velocities ∼0.1c, consis-
tent with UFOs, in 3/5 Broad-Line Radio Galaxies (BLRGs)
observed with Suzaku, namely 3C 111, 3C 120 and 3C 390.3.
The UFO in 3C 111 was detected in a long observation per-
formed in August 2008 (see Table 1) and a follow-up study
was then performed in September 2010 to study its variabil-
ity through three Suzaku observations spaced by ∼7 days
(Tombesi et al. 2011b). A systematic 4–10 keV spectral
analysis revealed the presence of an ionized Fe K emission
line in the ﬁrst observation, indicative of reﬂection/emission
from the accretion disc, and blue-shifted Fe K absorption
in the second one, when the ﬂux was 30% higher, indicat-
ing the presence of a highly ionized and massive outﬂow
with velocity ∼0.1c (see Table 1). The location of the mate-
rial was constrained at 0.006 pc (500rs, rs=2GMBH/c
2)
from the black hole through the ∼7 days variability time-
scale. This provided the ﬁrst direct evidence for an accretion
disc-outﬂow connection in an AGN and is consistent with a
picture in which a disruption/over-ionization of the inner
disc is followed by the ejection of an outﬂow from ∼100rs.
Then, this is possibly accelerated through radiation and/or
magnetic forces to the observed velocity of ∼0.1c.
Chatterjee et al. (2011; hereafter Ch11) recently re-
ported the results of an extensive multi-frequency monitor-
ing campaign on 3C 111 at X-ray (2–10 keV), optical (R
band), and radio (14.5, 37 and 230 GHz) wave bands, as
well as multi-epoch imaging with the Very Long Baseline
Array (VLBA) at 43 GHz, between 2004 and 2010. They
ﬁnd that major X-ray dips are systematically followed by
an increase of the radio core ﬂux and the appearance of new
jet knots in the VLBA images after ∼2–3 months. New knots
are ejected ∼1–2 times per year with typical apparent speeds
of ∼3–5c. This shows the existence of a connection between
the radiative state near the black hole, where the X-rays are
produced, and events in the jet, providing a solid proof of
the disc-jet connection in this radio-loud AGN. These com-
plex cycles, whereby some instability appears to disrupt the
inner regions of the accretion disc and then triggers powerful
mass/energy ejections provide an observational clue to the
origin of radio jets. This behaviour has parallels in Galactic
microquasars (e.g., Neilsen & Lee 2009; Fender et al. 2009)
and equivalent results have been obtained also for another
BLRG, 3C 120 (Marscher et al. 2002; Chatterjee et al. 2009).
The BLRG 3C 111 (z=0.0485) is one of the best targets
for these studies. In the radio it is an FR II with a blazar-
like behaviour. The jet lies at θ=18.1◦±5.0◦ to our line of
sight (Jorstad et al. 2005), allowing us to simultaneously
probe the inner accretion disc through X-rays. 3C 111 is X-
ray bright (2–10 keV ﬂux of ∼2− 8× 10−11 erg s−1 cm−2)
and shows Seyfert-like properties. It is also one of the
two BLRGs, the other being 3C 120, recently detected
in γ-rays with FERMI (Kataoka et al. 2011; Grandi et
al. 2012). For the central black hole of 3C 111 we con-
sider a mass1 of logMBH=8.1± 0.5 M, taking into account
the maximum and minimum values derived by Ch11 using
Hα measurements. The Eddington luminosity is therefore
LEdd=1.3× 10
38(MBH/M)2× 10
46 erg s−1.
In this work we will focus on the comparison between
ejection events in the radio jet and those from the accretion
disc of 3C 111, represented by the UFOs, and the search for
a possible link between these two. The paper is structured
as follows. In § 2 we estimate the parameters of the UFOs in
3C 111 using the published data. In § 3 we extend the work of
Ch11 and estimate the parameters of the inner radio jet from
the VLBA images. In § 4 we compare the characteristics of
the UFOs and the jet and discuss the possibility to place
also the UFOs in the context of the source variability and
the known jet ejection cycles, with conclusions following in
§ 5. Throughout this paper we adopt a Hubble constant of
H0=70 km s
−1 Mpc−1 (Spergel et al. 2003).
2 OBSERVATIONS OF UFOS
2.1 Parameters from X-ray spectroscopy
Table 1 reports the parameters of the published Suzaku and
XMM-Newton observations of 3C 111 in which a search for
UFOs has been performed. The ﬁrst observation refers to
Tombesi et al. (2010b), the second to Ballo et al. (2011) and
the last three to Tombesi et al. (2011b). The column density,
ionization and outﬂow velocity are reported. We estimate
the lower/upper limits of the location, mass outﬂow rate
and kinetic power of the UFOs following the approach of
Tombesi et al. (2012).
An estimate of the minimum distance can be derived
from the radius at which the observed velocity corresponds
to the escape velocity, rmin = 2GMBH/v
2
out. However, we
note that when deriving this quantity we do not take into
account the possible additional acceleration of the ﬂow, but
assume that it is ejected at the observed velocity. Instead,
in order to derive a ﬁrm estimate of the distance from the
deﬁnition of the ionization parameter ξ = Lion/nr
2 (Tarter
et al. 1969) we would need an estimate of the density of
the material n, which can not be obtained with the present
data. However, the observed short time-scale variability
of the UFOs (e.g., Braito et al. 2007; Cappi et al. 2009;
Tombesi et al. 2010a, 2011b; Giustini et al. 2011) suggests
that these absorbers are compact and that their thickness
is less than the distance to the source, Δr/r<1. Therefore,
we can derive a lower limit of the density of the material
as n=NH/Δr>NH/r, where NH is the line-of-sight column
1 We note that Marchesini et al. (2004) estimated a larger black
hole mass of logMBH∼9.5 M assuming the bulge luminosity
relation. The discrepancy is probably mainly due to the diﬀerent
extinction adopted and we consider the Ch11 one to be more
reliable.
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Table 1. Suzaku and XMM-Newton observations of 3C 111 and parameters of the detected UFOs.
Sat Tobs UFO logLion logNH logξ vout r M˙out logE˙K
(erg s−1) (cm−2) (erg s−1 cm) (c) (pc) (M yr−1) (erg s−1)
1∗ S 2008.65 u7 44.4 > 23.0 5.0± 0.3 0.041± 0.003 0.003-0.02 0.1-0.6 42.8-43.5
2 X 2009.13 44.7 . . . . . . . . . . . . . . . . . .
3 S 2010.67 44.7 . . . . . . . . . . . . . . . . . .
4∗ S 2010.69 u10 44.9 22.9± 0.2 4.3± 0.1 0.106± 0.006 0.001-0.006 0.1-0.8 43.4-44.3
5 S 2010.71 44.9 . . . . . . . . . . . . . . . . . .
Note. Columns: observation number; satellite, X for XMM-Newton and S for Suzaku; observation start date;
UFO identiﬁer; absorption corrected luminosity between 1–1000 Ryd (1 Ryd=13.6 eV); column density; ionization
parameter; observed velocity; location; mass outﬂow rate; kinetic power. ∗ Observations with detected UFOs.
density. Then, substituting this in the expression for the ion-
ization parameter we can estimate an upper limit on the dis-
tance of the absorber from the source as rmax = Lion/ξNH.
The material can not be farther away than this given the
observed ionization parameter. We note that this expression
contains the implicit assumption that the ionizing source is
seen as a point source by the absorber. The validity of this
supposition is supported from the fact that the X-ray emit-
ting region in AGNs is constrained by X-ray variability and
micro-lensing observations to be within a few rs from the
black hole (e.g., Chartas et al. 2009b), instead the UFOs
considered here are always at distances 100rs (see text be-
low and Table 1).
We use the expression for the mass outﬂow rate de-
rived by Krongold et al. (2007), which is more appropriate
for a biconical wind-like geometry: M˙out  1.2πmpNHvoutr.
This formula has also the important advantage of already
implicitly taking into account the covering and ﬁlling fac-
tors. This is due to the fact that it considers only the net
ﬂow of mass, directly allowing for clumping in the ﬂow. How-
ever, we note that considering a clumpiness factor of ∼Δr/r
we obtain equivalent results using the usual spherical ap-
proximation (Tombesi et al. 2010b, 2011b) and a covering
fraction of ∼0.3, consistent with observations (Tombesi et
al. 2010a,b). The kinetic power can consequently be derived
as E˙K =
1
2
M˙outv
2
out.
Substituting the relative parameters, the UFO observed
in August 2008, u7 in Table 1, is constrained at a distance2 of
0.003–0.02 pc (200–1000rs) from the central black hole,
with a mass outﬂow rate of M˙out0.1–0.6 M yr
−1 and ki-
netic power of E˙K6 × 10
42–3 × 1043 erg s−1. The UFO
relative to the September 2010 observation, u10 in Table 1,
is located at 0.001–0.15 pc (80–12,000rs), it has an out-
ﬂow rate of M˙out0.1–10 M yr
−1 and a kinetic power of
E˙K2 × 10
43–4 × 1045 erg s−1. However, considering the
variability on ∼7 days time-scales (Tombesi et al. 2011b),
we can further constrain its distance to 0.006 pc (500rs).
Consequently, the upper limits on the mass outﬂow rate
and kinetic power for u10 reduce to 0.8 M yr
−1 and
2 × 1044 erg s−1, respectively. Even though u10 is faster
2 Assuming the higher black hole mass estimate of Marchesini et
al. (2004), as in Tombesi et al. (2010a), the observed velocity of
u7 would be lower than the escape velocity at the estimated lo-
cation. However, using the reﬁned lower black hole mass estimate
of Ch11 (see §1) and considering also the possibility of additional
acceleration, we are conﬁdent enough that also u7 escapes the
system.
than u7, we note that many of their other characteristics
(NH, r, M˙out and E˙K) are consistent with each other.
From the relation Lbol10Lion erg s
−1 (e.g., McKernan
et al. 2007) the bolometric luminosity is Lbol10
45 erg s−1,
which corresponds to an Eddington ratio of Lbol/LEdd0.1.
Considering a radiative eﬃciency of η0.1 (Davis & Laor
2011), the accretion rate is M˙acc=Lbol/ηc
20.5 M yr
−1,
which is comparable to the outﬂow rate derived for the
UFOs.
2.2 Variability and the X-ray light curve
In Fig. 1 we show the 2.4–10 keV ﬂux light curve of 3C 111
observed with the Rossi X-ray Timing Explorer (RXTE)
from the beginning of 2008 to mid 2011. The typical expo-
sure time is 1–2 ks and the sampling of the observations was
2–3 times per week. We adopted the same data reduction
procedures as explained in Ch11. We observe ﬁve major dips
in the light curve and, adopting the same nomenclature of
Ch11, we identify them in Table 2 with “d” and the relative
number.
We can use this light curve to check for possible re-
lations between the source ﬂux variability and that of the
UFOs. There are three possible causes for the observed vari-
ability of UFOs. First, it could be an intermittent on/oﬀ
variability, i.e. the UFOs are not a continuous phenomenon
and they are ejected only at certain times. In this case, the
lack of detection is due to the absence of a UFO at the time
of the observation. Second, even if a UFO is present during
the time of the observation, there could be some additional
absorber variability due to inhomogeneities in the structure
and density of the ﬂow (e.g., turbulence, clumpiness) and
transverse motion. This eﬀect is expected to occur on much
shorter time-scales than the ﬁrst one, on intervals of the
order of a few hours (e.g., Braito et al. 2007; Giustini et
al. 2011). This is also expected to be chaotic and not corre-
lated with a state of the source. Third, the absence of a UFO
could be masked by an insuﬃcient signal-to-noise (S/N) of
the data.
The UFOs have been clearly detected in 2/5 observa-
tions, thus their frequency of detection is ∼40%. In particu-
lar, the F-test and Monte Carlo probabilities for the absorp-
tion lines detected in both the ﬁrst (Tombesi et al. 2010b)
and fourth observations (Tombesi et al. 2011b) in Table 1 are
>99%. In addition, as an alternative test on the signiﬁcance
of the lines (e.g., Vaughan & Uttley 2008), we note that the
ratio between the equivalent width and the relative 1σ er-
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Figure 1. Long-term 2.4–10 keV ﬂux RXTE light curve of 3C 111 between 2008 and mid 2011. The vertical solid/dotted lines refer to
the detection/non-detection of UFOs in the Suzaku and XMM-Newton spectra. The detections of UFOs are marked with “u”. The dates
relative to the X-ray dips and the appearance of new jet knots in the VLBA images are marked with “d” and “k”, respectively.
rors3 is 4 for all the cases. As stated by Ballo et al. (2011),
the non-detection of a UFO in the second observation in
Table 1 is not due to a low S/N. The same conclusion is de-
rived also for the third and ﬁfth observations by Tombesi et
al. (2011b). In fact, the 2–10 keV S/N in these observations
was 50, 190, 105, 110 and 105 for the ﬁrst, second, third,
fourth and ﬁfth observation, respectively. Therefore, this in-
dicates that a UFO was not present along the line-of-sight
during these observations or it was so weak that it could not
be detected even in high S/N spectra.
We then performed a test in order to check for a
possible relation between the source X-ray ﬂux from the
RXTE light curve shown in Fig. 1 and the detections/non-
detections of UFOs (marked with solid/dotted vertical lines,
respectively). We can see that there seems to be no depen-
dence on the absolute ﬂux of the source, the UFOs being
detected/non-detected both in high/low ﬂux states. How-
ever, there could be a relation with the ﬂux variability
3 We note that the equivalent width errors of the absorption lines
reported in Table 3 of Tombesi et al. (2010b) for 3C 111 are at
the 90% level, instead to the 1σ level indicated in the table notes.
trends. In order to distinguish between periods of rising or
steady/decreasing ﬂux we consider the diﬀerence between
the ﬂuxes ∼3 days after and before the observations. This
is equivalent to the minimum time interval of the RXTE
light curve and also allows to oversample by a factor of ∼2
the typical variability time-scale of the UFO in 3C 111 of
about ∼7 days (Tombesi et al. 2010b, 2011b). If the diﬀer-
ence is positive it indicates a rising ﬂux, instead if null or
negative it indicates a steady/decreasing ﬂux. We ﬁnd that
the ﬁrst and fourth observations in Table 1, the ones with
detected UFOs, happened during periods of increasing ﬂux4.
Instead, the non-detections in the second and ﬁfth observa-
tions occurred during intervals of decreasing ﬂux. Following
this criterion, the non-detection in the third observation oc-
curred in an interval of steady/decreasing ﬂux too. However,
we note that this latter case is less stringent because it hap-
pened very close to a sudden spike in ﬂux and we adopt
4 We note that the observation of the UFO u7 occurred at the
beginning of a period of rising ﬂux, just after the major X-ray
dip d7. If the rising period is related with the acceleration of the
outﬂow, this might explain why the velocity of u7 is much lower
than u10, which instead was detected close to a maximum in ﬂux.
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Table 2. Times of X-ray dips, observations of UFOs and appear-
ance of radio knots.
Dip TXmin UFO Tufo Knot Tknot βapp
d7 2008.51 u7 2008.65 k7 2008.83 ± 0.07 4.54± 0.38
d8 2008.98 . . . . . . k8 2009.07 ± 0.08 4.07± 0.43
d9 2009.26 . . . . . . k9 2009.29 ± 0.04 4.33± 0.66
d10 2010.57 u10 2010.69 k10 2010.85 ± 0.02 5.66± 0.09
d11 2010.78 . . . . . . k11 2011.01 ± 0.07 5.22± 0.35
Note. βapp is the apparent speed of the radio knots in units of c.
a conservative approach not considering it in the following
discussion.
From Fig. 1, we derive that overall the UFOs seem to
be preferentially detected during intervals of increasing ﬂux.
In order to estimate the statistical conﬁdence of the possible
relation between the UFOs and the periods of rising ﬂux we
tested the null hypothesis that UFOs are not detected during
phases of ascending ﬂux but only in steady or decreasing in-
tervals. This hypothesis is satisﬁed in none of the four cases
described before, yielding a probability of <1/4. Therefore,
conservatively, we can say that the statistical probability
of the claim that UFOs are preferentially observed during
phases of rising ﬂux is P=1− (1/4)75%. Given the limited
number of observations available, we stress that the statisti-
cal signiﬁcance of this relation is only marginal and it should
be regarded only as an indication. However, we note that a
similar behavior was observed also in other sources showing
UFOs (e.g., Braito et al. 2007; Giustini et al. 2011).
3 RADIO OBSERVATIONS OF THE JET ON
SUB-PC SCALES
3C 111 is actively monitored with the VLBA at 43 GHz
at roughly monthly intervals by the blazar group at the
Boston University. Here we present a temporal extension of
the VLBA analysis of Ch11 (see their Fig. 6) from 2008 up
to mid 2011. The sequence of VLBA images shown in Fig. 2
provides a dynamic view of the inner jet between November
2010 and September 2011 at an angular resolution ∼0.1 mil-
liarcseconds (mas), corresponding to ∼0.094 pc. The VLBA
data have been processed in the same manner as described in
Ch11. We can clearly observe the presence of two new radio
jet knots, each characterized by its ﬂux density, FWHM di-
ameter and position relative to the core. Times of “ejection”
are deﬁned as the extrapolated time of coincidence of a mov-
ing knot with the position of the 43 GHz core. We use the
position vs. time data to determine the projected direction
on the sky of the inner jet, as well as the apparent speeds
and ejection times of new superluminal knots. Continuing
with the nomenclature adopted by Ch11, we have knot k10
appearing from the 43 GHz core at 2010.85 ± 0.02 and k11
at 2011.01± 0.07, respectively. Both of them have apparent
superluminal velocities of 5.66 ± 0.09c and 5.22 ± 0.35c, re-
spectively. The proper motion of these knots can be directly
followed in Fig. 2 for almost one year.
The dates relative to the X-ray dips and jet knots ap-
pearance between 2008 and 2011 are marked in the RXTE
light curve in Fig. 1 by arrows. We see that, in line with
the reported correlation between X-ray dips and jet ejec-
tions (Ch11), new radio jet knots systematically appear a
few months after major X-ray dips. This is valid also for the
two new detected ones, k10 and k11, which appear about
∼3 months after the relative X-ray dips d10 and d11. We
are conﬁdent that the dips d10 and d11 are indeed related
to the knots k10 and k11 for several reasons: there is no sig-
niﬁcant detection of a new knot ejection in the radio images
between 2010.60 and 2010.80, the time interval between d10
and d11 is equivalent to that between k10 and k11 and also
both knots appear in the radio images with an equivalent
delay of about 3 months after the relative dips. In general,
the delay is distributed between 0.03 yr and 0.34 yr, with a
mean value of 0.15±0.08 yr (Ch11). As already discussed by
Ch11, considering the apparent speeds of ∼4–5c, an average
delay from the X-ray dips of ∼0.15 yr and an inclination of
∼18◦, we can derive that the typical distance traveled by
the jet knots before appearing out from the 43 GHz core is
d∼0.6pc.
Considering the jet knots k7 and k10, their actual bulk
velocity (v=βc) can be estimated from the apparent velocity
(vapp=βappc) adopting an inclination to the line of sight of
θ∼18◦ (Jorstad et al. 2005), βapp = βsinθ(1− βcosθ)
−1. We
obtain vk70.982c and vk100.995c and the relative Lorentz
factors (Γ=1/
√
1− β2) are Γk7∼5.3 and Γk1010 for k7 and
k10, respectively. The knot k10 is faster than k7 and their
parameters are reported in Table 2.
Assuming equipartition and using the formula (A3) in
Jorstad & Marscher (2004) we derive an estimate of the mag-
netic ﬁeld of B0.1 Gauss, consistent with the typical values
at ∼sub-pc scales (e.g., O’Sullivan & Gabuzda 2009). Then,
it is possible to roughly quantify the jet kinetic power as
E˙K,j2(B
2/8π)(πd2)c∼3× 1044 erg s−1, where d is the pre-
viously estimated distance of the knots from the black hole.
However, if we include also the possible additional term due
to the rest-mass energy of the protons, the kinetic power can
reach values up to ∼1045 erg s−1. These estimates are con-
sistent with the typical jet power of radio galaxies estimated
from the associated radio lobes of E˙K,j∼10
44–1045 erg s−1
(e.g., Rawlings & Saunders 1991). Subsequently, from the
relation E˙K,j(1/2)M˙out,jc
2(Γ−1) we can also calculate the
mass ﬂux rate that is funneled into the jet. Considering the
average Γ∼7 of the jet knots in Table 2, we obtain a mass
outﬂow rate of M˙out,j0.0005–0.005 M yr
−1.
4 DISCUSSION
In this paper we focus on a comparison between the param-
eters of the jet and accretion disc outﬂows, also referred as
UFOs, observed in 3C 111. This is the ﬁrst time that such
a study is performed for an AGN. The typical kinetic power
of the UFOs reported in Table 1 is E˙K∼10
43–1044 erg s−1.
This is about one order of magnitude lower than the kinetic
power of the jet. However, if we take into account the un-
certainty in the determination of the jet kinetic power and
the possibility that the jet knots experienced an additional
acceleration with respect to the UFOs, it is plausible that
their values are actually comparable. In fact, the UFOs were
detected at distances of only ∼0.001–0.02 pc from the black
hole, well within the ∼0.6 pc scale of the 43GHz core, after
which new jet knots are observable in the VLBA images.
The mass outﬂow rate of the UFOs of M˙out∼0.1–
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Figure 2. Sequence of VLBA images at 43 GHz during 2010–
2011. The global peak of the map is 1.13 Jy/beam with the beam
size of 0.32×0.16 mas2 at PA=-10◦, the contours levels start at
0.25% of the peak and increase by a factor of 2. The lines denote
the proper motion of the radio jet knots k10 and k11.
1 M yr
−1 is much higher than that estimated for the jet
M˙out,j∼0.0005–0.005 M yr
−1. Moreover, even if their ki-
netic power is diﬀerent, their momentum ﬂux is actually
equivalent. This is due to the linear dependence of this quan-
tity on the outﬂow velocity. The ratio of the kinetic power
with respect to the bolometric luminosity corresponds to
∼1–10% and ∼10–100% for the UFOs and the jet, respec-
tively. Therefore, both of them are able to exert a concurrent
feedback impact on the surrounding environment (e.g., Hop-
kins & Elvis 2010; Gaspari et al. 2011). However, an interest-
ing point to make here is that the powerful and collimated
jet tends to “drill” out of the galaxy and deliver energy and
momentum to large distances. On the other hand, the slower,
wider angle and massive UFOs may be much more eﬀective
at impacting the structures of the host galaxy (e.g., Tombesi
et al. 2012). In fact, from the fraction of sources with de-
tected UFOs Tombesi et al. (2010a, b) estimated that these
absorbers cover a signiﬁcant fraction of the solid angle, ∼0.4.
This corresponds to an opening angle of the outﬂow with re-
spect to the polar axis of ∼60◦. Instead, Jorstad et al. (2005)
derived an intrinsic half opening angle of the jet in 3C 111 of
only ∼3◦. This indicates that the jet covers only a fraction
of ∼0.001 of the solid angle, which corresponds to less than
1% of that of the UFOs.
The lower limit of the density of the material in the
UFOs can be roughly derived as n=NH/ΔrNH/r. This is
valid for compact absorbers (Δr/r1) and is supported by
the detection of short time-scale variability (e.g., Braito et
al. 2007; Cappi et al. 2009; Tombesi et al. 2010a, 2011b).
For both u7 and u10 we obtain n107 cm−3. From the
photo-ionization code Xstar used for the modelling of the
Fe XXV–XXVI absorption lines in Tombesi et al. (2010b,
2011a, 2011b) we obtain a typical temperature of the
plasma of T∼106–107 K. Therefore, the lower limit on
the gas thermal pressure in the UFOs is PthnkT0.001–
0.01 dyne cm−2. This can be even higher considering the
signiﬁcant turbulent velocities of ∼1,000 km/s observed for
UFOs (Tombesi et al. 2011a, 2011b). Using the estimate
of the jet kinetic power of E˙K,j∼10
44–1045 erg s−1 and as-
suming a quasi-instantaneous, symmetrical injection of en-
ergy, we can derive a crude lower limit of the jet ram pres-
sure at the location of the UFOs of Pth,jE˙K/r
30.001–
0.01 dyne cm−2. These two estimates are comparable, sug-
gesting that accretion disc outﬂows in the form of UFOs
may actually help collimate the inner jet. This also suggests
that the initial jet material would encounter more radial
than vertical resistance, providing a preferential direction of
propagation and this could lead to a “nozzle-like” geometri-
cal conﬁguration, which would again help collimate/conﬁne
the inner jet (e.g., Blandford & Rees 1974).
In this regard, we note that recent detailed observations
of the inner radio jet of M87, the closest powerful radio-loud
AGN to us, revealed that the jet formation is already taking
place at distances down to ∼10–20rs from the super-massive
black hole (Hada et al. 2011). Moreover, in the inner few
∼100rs region the jet is seen opening widely, at an angle
of ∼60◦, and having a paraboloidal shape. Then, it squeezes
down to ∼5◦ only at distances of ∼105rs, after which it tran-
sits into a conical shape and becomes a free stream (Asada &
Nakamura 2012). This suggests that the jet is probably sub-
ject to an initial collimation by the external gas. The simul-
taneous presence at sub-pc scales of these two components in
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rough pressure equilibrium: a inner, highly relativistic jet,
and an outer, more massive, mildly relativistic plasma, is
overall consistent with the picture of a transverse stratiﬁca-
tion of the ﬂow (e.g., Ghisellini et al. 2005; Xie et al. 2012).
The line-of-sight inclination angle of 3C 111 is in fact ∼ 18◦
(Jorstad et al. 2005). Therefore, this eventuality should be
considered when performing numerical simulations of the jet
formation.
Theoretically, the complex coupling between radiation,
magnetic ﬁelds and matter that should be considered to
properly explain the formation of outﬂows/winds from ac-
cretion discs has not been accurately solved yet. However,
simulations show that disc outﬂows are ubiquitously pro-
duced and can be accelerated to mildly relativistic velocities
by radiation and/or magnetic forces (Blandford & Payne
1982; King & Pounds 2003; Proga & Kallman 2004; Ohsuga
et al. 2009; Fukumura et al. 2010). Moreover, several MHD
jet models predict that the jet production is accompanied
by the formation of broad, mildly relativistic disc outﬂows
(Blandford & Payne 1982; Kato et al. 2004; McKinney &
Gammie 2004; McKinney 2006; Tchekhovskoy et al. 2011),
potentially providing a direct link between these compo-
nents. However, even if MHD models alone could, in prin-
ciple, already explain the formation of the jet and mildly
relativistic disc outﬂows, the high radiation throughput of
AGNs can not be neglected and radiation pressure must play
an important role as well (King & Pounds 2003; Everett &
Ballantyne 2004; Everett 2005; Ohsuga et al. 2009; Ramı´rez
& Tombesi 2012). The comparison with the similar outﬂows
detected in radio-quiet AGNs, which however are known to
harbor weak jets as well (e.g., Giroletti & Panessa 2009;
Maitra et al. 2011), may help to clarify this point. This is
postponed to a future work.
Comparing the periods of X-ray dips and the observa-
tions of UFOs and jet knots in Fig. 1 and Table 2 we note
that UFO u7 was observed between the X-ray dip d7 and
the jet knot k7. Similarly, u10 was observed between d10
and k10. This evidence is intriguing and may suggest the
placement of UFOs within the known dip-ejection cycles,
which is the most solid observational proof of the disc-jet
connection (Marscher et al. 2002; Chatterjee et al. 2009,
2011). As already discussed by Ch11, the X-ray dip-ejection
connection suggests that a decrease in the X-ray production
is linked to an increase in the speed of the jet ﬂow, caus-
ing a shock front to eventually form and move downstream.
The actual physical cause of this relation is currently still a
matter of considerable speculation, however, it has similari-
ties with the stellar-mass black holes (e.g., Livio et al. 2003;
Neilsen & Lee 2009; King et al. 2012), for which more de-
tailed studies have been performed. Thermal instabilities in
the inner accretion disc can cause a state transition between
a radiatively eﬃcient to a low-eﬃcient accretion mode dur-
ing the X-ray dips, such as in the ADAF/ADIOS regimes
(Narayan & Yi 1995; Blandford & Begelman 1999), which
predicts that a sizeable fraction of the accretion power is
not radiated away and instead is released in the form of a
jet or outﬂow. In particular, the jet production mechanism
has been demonstrated to be more eﬃcient for both high
black hole spins and thick, ADAF-like, inner accretion disks
(Meier 2001; Nemmen et al. 2007).
We note that Tombesi et al. (2011b) detected an ionized
Fe K disc line in the X-ray spectrum of the third observa-
tion in Table 1. This observation occurred during a short
steady/decreasing ﬂux period after the X-ray dip d10 and
no clear UFO was detected. Instead, a blue-shifted Fe XXVI
absorption line indicative of a UFO was detected in the suc-
cessive fourth observation, ∼7 days after, during a clear pe-
riods of ascending ﬂux. The 2–10 keV S/N of the third obser-
vation (105) was enough to detect an absorption line with
the same EW as in the fourth (S/N110) if present and its
constancy between these two observations was excluded at
the 99.9%. Therefore, the lack of detection of a UFO in the
third observation points to the conclusion that it was prob-
ably not present along the line-of-sight at that time, but we
can not rule out also the possibility that the non-detection
was due to strong inhomogeneities/turbulence in the ﬂow.
As already stated in Sec. 2.2, we note that the identiﬁca-
tion of the third observation with a steady/decreasing ﬂux
state is less clear because it happened close to a sudden
spike in ﬂux and we adopted a conservative approach not
considering it in the discussion of the possible relation be-
tween the UFOs and period of increasing ﬂux. Tombesi et
al. (2011b) interpreted these observations as the evidence of
a connection between thermal/structural instabilities in the
disc, possibly related to an ADAF state (Wang, Cheng &
Li 2012), and the formation of powerful winds/outﬂows. In-
terestingly, even if the launching mechanism(s) of the UFOs
might not be the same as for the jet, the fact that these
observations occurred within two clear dip-ejection cycles
suggests that they could be related, in the sense that the
strong disc/radiative instabilities that are known to accom-
pany the ejection of a new jet knot could then also trigger
or boost the production of disc outﬂows (Livio et al. 2003;
Xie et al. 2012). We note that a similar qualitative behavior,
whereby the ejection of jet knots during X-ray dips is fol-
lowed by an increased production of disc outﬂows during the
successive rising/ﬂaring periods, has been recently reported
by Neilsen et al. (2012) regarding the Galactic microquasar
GRS 1915+105 during the β state.
The main point that we would like to make here is
to introduce the notion that UFOs could preferentially ap-
pear during phases of increasing ﬂux and possibly at certain
times of disc-jet activity. However, given the very limited
number of observations, the statistical signiﬁcance of these
relations is only tentative and additional observations are
needed to test this properly5. Nonetheless, we can certainly
conclude that there are now plenty of theoretical and obser-
vational evidences that mass and energy loss in the form of
winds/outﬂows from the accretion disc are likely to be the
norm rather than the exception and models attempting to
5 In this regard, we are submitting a large monitoring cam-
paign focused on 3C 390.3, another BLRG with a UFO detection
(Tombesi et al. 2010b) and showing the typical jet dip-ejection
cycles. The choice fell on this target because it is continuously
visible by all main X-ray observatories all year round. The length
of the campaign is 20 months and we request a Swift monitoring
every ∼10 days, a long 100ks Suzaku and XMM-Newton obser-
vation every 2 months, a long 100ks Chandra HETG observation
every 4 months and a parallel VLBA monitoring at intervals of
3 months. If approved, this will allow to have enough observa-
tions to conclusively test the relation between UFOs and the jet
dip-ejection cycles.
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explain the link between the jet and the accretion process
should take these components into account.
5 CONCLUSIONS
In this paper we compare the characteristics of the X-ray
detected accretion disc outﬂows, also referred as UFOs, and
the radio jet in the broad-line radio galaxy 3C 111. This is
the ﬁrst time that such a study is performed for an AGN.
We ﬁnd that these two outﬂows, an inner relativistic one
and another broader and mildly-relativistic, coexist on sub-
pc scales, possibly in agreement with a transverse stratiﬁca-
tion of a global ﬂow. The two are also potentially in pressure
equilibrium, providing additional support for the collimation
of the jet. The disc outﬂows are much more massive than the
jet but probably their kinetic power is lower. However, their
momentum ﬂux is comparable and both of them are capable
to exert a concurrent feedback impact on the surrounding
environment. Even though a link between these component
is already naturally predicted by MHD jet/outﬂows simula-
tions, we note that also radiation pressure must be taken into
account for a more realistic modelling. The comparison of
the detection times of UFOs with the long-term RXTE light
curve suggests that they are preferentially observed during
periods of increasing ﬂux and the investigation of the VLBA
images points to the possibility of placing also these events
within the known X-ray dip-ejection cycles, which is the di-
rect evidence of the disc-jet interaction. However, given the
limited number of observations, these possible relations are
only tentative and additional observations are needed to test
them properly. If conﬁrmed, this could provide a new win-
dow for X-ray spectroscopy to study processes related to the
jet activity on scales even smaller than the ∼0.1 milliarcsec
reachable with VLBA images.
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